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ABSTRACT. The importance of the sea ice retreat in the polar regions for the global warming and 
the role of ice-albedo feedback was recognized by various authors [1,2]. Similar to a recent study 
of the phenomenon in the Arctic [3] we present a semi-quantitative estimate of the mechanism for 
the Southern Hemisphere (SH). Using a simple model, we estimate the contribution of ice-albedo 
feedback to the mean temperature increase in the SH to be 0.5 ± 0.1 K in the years 1955 to 2015, 
while from the simultaneous growth of the greenhouse gases (GHG) we derive a direct warming 
of only 0.2 ± 0.05 K in the same period. These numbers are in nice accordance with the reported 
mean temperature rise of 0.75 ± 0.1 K of the SH in 2015 since 1955 (and relative to 1880). Our 
data also confirm previously noticed correlations between the annual fluctuations of solar intensity 
and El Nino observations on the one hand and the annual variability of the SH surface temperature 
on the other hand. Our calculations indicate a slowing down of the temperature increase during the 
past few years that is likely to persist. Assuming a continuation of the present trends for the 
southern sea ice and GHG concentration we predict the further temperature rise to decrease by 33 
% in 2015 to 2025 as compared to the previous decade.     
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INTRODUCTION: 
The present climate change has different impacts on the two polar regions [1]. While the Arctic is 
warming at a greater rate than elsewhere [2,4-6], the Antarctic experiences predominantly cooling 
[7]. Sea ice plays an important role in this development. In contrast to the continuous northern ice 
retreat [8], the ice surrounding Antarctica has grown since 1979 when satellite-based 
measurements began [9-11]. This trend is surprising as compared with the general warming of the 
globe and the prediction of many climate models. Most of the increase has occurred in the western 
Ross Sea whereas the sea ice cover in the Bellinghausen Sea is shrinking [12,13]. Several regional 
and global processes are discussed in the literature that influence sea ice growth and melt, e.g. 
tropical Pacific and Atlantic teleconnections, variability in the winds and ocean currents around 
Antarctica including stratospheric ozone depletion [14]. The deep ocean can have an outsized 
effect on the Southern Ocean because it is a region of significant upwelling leading to a delayed 
response of the southern sea ice to the general warming [7]. The ice-albedo feedback is widely 
recognized as an important feature in this context [15]. A recent attempt to quantify the impact of 
sea ice on the terrestrial climate concluded that its influence on the global heat budget has similar 
magnitude as the emissions of greenhouse gases [16]. The present paper suggests an even larger 
effect and underlines the important role of sea ice for the terrestrial climate.   
In this paper the reported ice changes in the Antarctica are taken as empirical facts and used to 
compute the corresponding temperature variation. A historical record exists on the sea ice extent 
prior to the satellite period so that the data for the sea ice area may be extended using proxies and 
data assimilation. Since 1979 the ice areas are known from satellite observations including the 
phase shift of annual melting and freezing relative to the seasonal solar input [10]. The data used 
in the present study are depicted in Fig. 1 (black circles) supplemented by linear fits (straight solid 
lines) [17,18]. The figure shows that in 1979 to 2015 the ice maxima increase from 15.14 × 10'( 
to 15.86 × 10'( m2, while in the Antarctic summer the minima rise from 1.65 × 10'( to 2.06 × 10'( m2 (fitted values). The values for the sea ice extent show a similar behavior in that 
period as indicated by the red triangles in the figure [18].  For earlier years only data on the sea ice 
extent are available (see Fig. 1) [19,20]. Assuming that the ratio between ice area and ice extent is 
approximately constant in 1955 to 1979 we use the extent data to determine the ice area values for 
this time interval, arriving at values of 19.6 × 10'( m2 and 5.0 × 10'( m2  for maximum and 
minimum area in 1955 (see solid black lines in Fig. 1). The sea ice retreat from 1955 to 1979 is 
noteworthy. The numbers represent a decrease of maximum (minimum) ice area of approximately 
23 % (67 %) from 1955 to 1979. Until 2015 the losses of sea ice area are estimated to be 19 % and 
59 %, respectively for Antarctic winter and summer. Of course, the accuracy of these numbers is 
limited.  The values are consistent with Ref. [7] that sea ice coverage might have been up to 25 % 
in the 1940s to 1960s. 
Taking into account the smaller backscattering of sea water compared to snow-covered ice for 
incident sun light (decrease by a factor of 0.5) and averaging over the daily and seasonal variations 
of the solar input, the net input of solar radiation in the Antarctic is estimated to grow by 1.85 × 10'- W in 1955 to 2015. Relative to the total solar input of the SH in 1955 (8.73 × 10'0 
W) we arrive at a decrease of the global albedo (0.300 in 1955) of 0.7 % (see Appendix 1).  
 
Figure 1. Retreat of the Antarctic sea ice in the years 1955 to 1979 and subsequent minor increase until 
2015: the annual maxima and minima values of sea ice area are plotted (experimental black circles and 
fitted solid black line, left hand ordinate scale). Auxiliary data for the annual maximum and minimum 
values of sea ice extent are included (reported red triangles and fitted red lines, right hand ordinate scale). 
The extent data are used to estimate the sea ice area in 1955 -1979 assuming that the ratio of sea ice area 
to sea ice extent is constant in 1955 to 1979; data taken from Ref. [17-20]; see text. 
 We have developed a simple 1-dimensional model for the causal effect of albedo changes 
for the mean SH surface temperature including also the effect of greenhouse gases (GHG). The 
same model was previously used [3] and is based on the spectroscopic properties of the GHG and 
several empirical facts, e.g. solar input and albedo factor. In a simplified picture, the atmosphere 
is represented by four layers with mean temperatures Tj (j = 1 – 4). The approach is an extension 
of the well-known 2-layer model for the greenhouse effect [21-23]. The surface is represented as 
a black radiator with intensity 𝜎 ∙ 𝑇4- (Stefan-Boltzmann constant σ) while the atmospheric parts 
are treated as selective thermal emitters according to the spectral properties. The temperatures Tsurf, 
Tj are self-consistently determined from thermal quasi-equilibrium between the solar input and the 
thermal emissions of the surface and atmospheric layers without a fitting parameter. For details 
see Appendix 2.  
We consider the 1-dimensional treatment quite satisfactory in the sense of a Taylor expansion of 
the (unknown) function Tsurf depending on a variety of local and geographical quantities and the 
concentrations of greenhouse gases. Second and higher order terms of that expansion are 
neglected. Thus retaining only the first order terms, the problem is linearized and averaging over 
the manifold of geographical parameters and GHG properties can be interchanged leading to a 1-
D treatment. GHG concentrations are taken from Refs. [24] and [25]. 
RESULTS AND DISCUSSION: 
Because of the lack of sufficiently precise measurements of the global albedo factor the albedo 
changes have to be estimated from the variations of the sea ice area (see Appendix 1). 
 The resulting surface temperature change ∆Tsurf as predicted by our model is plotted in Fig. 2 
(theoretical curves) together with the reported time evolution of the mean surface temperature 
change of the Southern Hemisphere (open gray circles). The latter information is taken from the 
literature [26]. Only part of that experimental data (starting in 1880) is shown in the Fig. from 
1930 onwards, arbitrarily up-shifted by 0.15 K so that ∆Tsurf,exp  ~ 0.0 K in 1880. There is a clear 
trend in the reported annual temperature variations superimposed by experimental inaccuracies 
that will be discussed below. For the years 1955 to 2015 the well-known dramatic rise of ∆Tsurf,meas 
by 0.75 ± 0.1 K is indicated (smaller than in the NH).  
 
Figure 2.  Calculated change of the SH mean surface temperature, ∆Tsurf   and measured data ∆Tsurf,exp 
(open gray circles); the latter are taken from Ref. [26] but arbitrarily upshifted by 0.15 K so that the mean 
temperature change in 1880 is approximately set to zero (not shown in the Fig.). The reported temperature 
rise by ≈ 0.75 K until 2015 is noteworthy. Green curve: computed temperature change resulting directly 
from the spectroscopic properties of the green house gases including water for constant albedo = 0.300 
and constant sea ice area. The combined effect of the direct GHG contribution and of the Antarctic sea ice 
melting in 1955 - 2015 is shown for three situations: (i) SH warming for instantaneous equilibration of the 
ice contribution (dotted black line); (ii) delayed equilibration of the temperature rise via ice loss with time 
constant τ = 20 yr (red curve) and (iii) with τ = 30 yr (blue line).  
Inset: Temperature change ∆Tsurf in 1975 to 2030. To reduce experimental scatter 3-year averages of 
∆Tsurf,exp are plotted (open grey circles, r.h.s ordinate scale).  The calculated curve for equilibration with τ 
= 30 yr is also shown (blue curve). Extrapolation for 2015 to 2030 yields the dotted blue line with ∆Tsurf = 
0.06 K in 2015 to 2025; see text.   
The computed results for the temperature rise by the greenhouse gases (including water) as derived 
from our model for constant albedo (i.e. constant sea ice area) are shown in Fig. 2 by the green 
curve. The spectral forcing via the changing spectral properties of the GHG with concentration is 
considered; for details see [23]. A minor increase of 0.08 K is evaluated for 1955 relative to 1880 
(see solid green line). A further rise of 0.18 K is computed for 1955 to 2015 because of the 
concentration increase of the GHG (broken green curve). Comparison with the experimental data 
(open dark gray circles) readily shows that the increasing far infrared absorption of the GHG with 
growing abundance is not the major cause for the warming of the SH surface. At this point it is 
interesting to compare our data with the reported spectral forcing of the GHG of 1.82 W/m2 for 
the years 1750 - 2015 [27].  For a CO2 concentration of 275 ppmV in 1750 we calculate a 
temperature rise of 0.29 K by the GHG corresponding to a spectral forcing of 1.57 ± 0.19 W/m2 in 
nice accordance with the published number.  
The dominant role of the Antarctic sea ice for the temperature rise of the SH surface, as unraveled 
by our investigation, is indicated by the additional data in Fig. 2. As mentioned above, the feedback 
of the albedo factor on the surface temperature is included by computations. To this end the 
lowering of the albedo factor by the melting of Antarctic sea ice has to be determined. We estimate 
the change to be -0.00212 (-0.71 % of 0.300) for 1955 to 2015 if instantaneous response of the 
mean SH value to the increase of solar input in the Antarctic is assumed. The corresponding 
temperature rise of the SH surface in that case is evaluated to be 0.78 K in 1955-2015 (dotted black 
line in Fig. 2), including the GHG contribution. The calculated curve differs from the measured 
data (compare experimental points in the Fig). For an explanation of the deviation we recall that a 
prompt equilibration of the global temperature to changes in the Antarctic may not be expected. In 
fact, the well-known permanent temperature difference between equator and pole area indicates a 
rather slow thermal equilibration in the southern hemisphere.  
As a consequence, we extend our model and incorporate a delayed response of the mean albedo in 
the SH to changes in the Antarctica by the help of an equilibration time τ (see Appendix 1). The 
results for time constants of respectively τ = 20 years (red curve) and 30 years (blue line) are 
presented in Fig. 2. The time required for equilibration in the SH delays the corresponding global 
warming with a minor reduction of the temperature rise until 2015 to 0.71 K for τ = 30 yr (0.76 K 
for τ = 20 yr). The improved agreement of the curves with the experimental data should be noted. 
It is felt that a time constant of about 30 years is reasonable for the equilibration by heat transfer 
between the pole area and the hemisphere, e.g. because of the slow response of ocean currents 
[28]. We mention that the warming of the SH is reported to be smaller than that for the northern 
hemisphere during the past three decades [25]. Our simulation nicely reproduces the difference of 
~0.3 K in 2015 between the two hemispheres (for Northern Hemisphere see [3]). The accordance 
gives some support to the validity of the theoretical model. 
Several authors pointed towards a pause of the global temperature rise in 2000 to 2010, presenting 
also potential reasons for this feature [29]. Our results are consistent with such a (small) effect 
buried somehow in the scatter of the experimental values. The Antarctic ice retreat in 1955 - 1979 
dominates the minor ice growth since 1979 because of the slow equilibration of temperature 
changes in the SH, even beyond 2015. If the Antarctic sea ice area will not decrease in the coming 
years, the warming is likely to slow-down in the years 2015 to 2025. The phenomenon is illustrated 
by the inset in Fig. 2.  The calculated warming for τ = 30 yr (blue curve) is shown in the period 
1975 to 2015 and extrapolated until 2030 (broken blue line). For the sea ice we assume to develop 
along the linear fit of Fig. 1, while for the GHG concentrations a growth with continuing slopes as 
in previous years is considered. Compared with the interval 2005 to 2015 the warming is predicted 
to decrease by approximately 33 % in 2025 (from 0.078 K in 2005-2015 to 0.058 K in 2015-2025). 
The major reason for the slowing-down is the long equilibration time for the ice retreat in 1955 to 
1979. This feature dominates the opposite effect of the growing GHG. A possible effect of sun 
spot changes is omitted in the extrapolation. In order to reduce the experimental scatter of the 
temperature data (open grey circles in Fig. 2) running 3-year averages of the annual experimental 
values are plotted in the inset (see open blue circles). It is interesting to note the obviously 
systematic deviations of the experimental points from the computed curve in the inset. 
 
Figure 3: Fluctuations of the reported SH surface temperature, sun spot intensity and El Nino amplitude in 
1975 - 2013. a) difference between the annual 3-year averages of ∆Tsurf,exp and the calculated temperature 
rise ∆Tsurf (blue open circles, left hand ordinate scale; compare inset of Fig. 2);  b) surface temperature 
variation calculated from the reported oscillation of solar intensity [31,32] without a fitting parameter (black 
solid line, left hand ordinate scale); the data are down-shifted by -0.25 K for better visibility. c) Time 
evolution of the 3-year mean values of the reported Oceanic Nino Index (red solid line, r.h.s. ordinate scale) 
[33]. The similarity of some maxima and minima positions in a) to c) is noteworthy. 
    
The finding is shown in more detail in Fig. 3. The difference between the blue experimental points 
(3-year averages) and the blue computed curve in the inset of Fig. 2 is plotted (open blue circles). 
We note several maxima and minima of the annual variations in the period 1975 to 2013. The 
question arises if a correlation with the fluctuations of the solar intensity (sunspot activity, [30]) 
and/or pacific temperature changes (El Nino observations) exists. Information of this kind is 
illustrated by Fig 3.    
The straight dotted blue line in Fig. 3a refers to the blue curve in the inset of Fig. 2. It is interesting 
to see several clear maxima and minima (around +0.1 K and -0.05 K, respectively) [31,32]. 
Various authors pointed towards a correlation between sun spot activity and surface temperature 
[30]. In fact, a variation of the input solar intensity generates corresponding changes of ∆Tsurf in 
our theoretical model. The results are plotted in the Fig. 3 b (solid black curve, left hand ordinate 
scale; note down-shift by -0.25 K for better visibility). The mean value of the solar intensity is 
represented by the dotted black line. There is no fitting parameter in the computation to derive the 
temperature maxima and minima of ±0.07 K that originate from fluctuations of the solar constant 
of ±0.5 W/m2. Keeping in mind that there is still experimental error in the data, the present authors 
believe that the partial agreement between experimental points and the sun spot effect of Fig. 3b, 
e.g. the maxima around 1980 and 2000, gives some additional support to the validity of our 1D-
model for surface temperature changes. 
For comparison El Nino data [33] are also included in Fig. 3. It was reported that the striking peak 
of the observed surface temperature around 1942 is accompanied by an El Nino maximum [34]. 
driving strong pacific teleconnections. In Fig. 3c, three-year averages of the annual Oceanic Nino 
Index [33] are presented for comparison (red curve, r.h.s. ordinate scale). Quite interestingly, some 
extremal positions agree to those in Fig. a). The comparison suggests a certain correlation between 
the El Nino amplitudes and the SH surface temperature. Of course, the feature does not provide a 
complete explanation for the SH temperature fluctuations over various decades.  
  In conclusion two dominant factors for the global warming of the southern hemisphere are 
discussed in the present paper: the retreat of Antarctic sea ice area and the growth of greenhouse 
gases since 1955. Using a simple 1-dimensional model, we estimate the contribution of ice-albedo 
feedback to the warming of the SH to be 0.5 ± 0.1 K in the years 1955 to 2015. For the simultaneous 
growth of the greenhouse gases (H2O, CO2, CH4, N2O) we calculate a temperature increase of 0.2 
± 0.05 K, derived directly from the spectroscopic properties of the GHG. A possible indirect effect 
is not included in this number, i.e. enhancement of the ice retreat by the greenhouse effect. The 
computed SH warming is in nice accordance with the reported mean temperature rise of 0.75 ± 0.1 
K in 2015 relative to 1955. Our data also suggest interesting correlations between the annual 
fluctuations of solar intensity and El Nino observations on the one hand and the annual variability 
of the SH surface temperature on the other hand. Extrapolation of the sea ice and GHG data for 
the next decade suggests that the warming will slow down by 33 % in 2015-2025 as compared to 
the preceding decade.    
           
APPENDIX 1: Estimate of the albedo change by the variation of Antarctic sea ice area 
The data of Fig. 1 indicate a loss of average sea ice area of 3.95 × 10'(  m2 for the years 1955 to 
1979. For the subsequent period 1979 - 2015 the satellite data show that the maximum (minimum) 
sea ice area increased by 0.73 × 10'(  m2 (0.41 × 10'( m2 ) with a phase shift of ≈ 96 days for the 
seasonal rhythm relative to the sun (fitted numbers, see Fig. 1). As a result, the loss of average sea 
ice in 1955 to 2015 amounts to 3.38 × 10'( m2. Melting replaces snow-covered sea ice by a water 
surface lowering the backscattering by a factor of ≈ 0.5 [2,35]. Averaging over the daily and 
seasonal changes yields a further reduction factor of 0.164 for the mean solar input.  Finally 
including the average transmission of 0.49 of the atmosphere in the melting region we estimate 
that the back-reflection of the SH surface into the universe decreases by ∆𝑃789: = −1.85 × 10'- 
W in 2015 relative to 1955. As compared to the total solar input of the hemisphere of 𝑃=>= =8.73 × 10'0 W, we arrive at a relative change of 𝐺789 = ∆@ABCD@EFE = −0.00212. As compared to the 
global albedo of 0.300 this corresponds a relative decrease of ≈ -0.707 % in 2015. For the years 
1955 to 2015 Grel is readily obtained as a function of time according to the annual ice data of Fig. 
1. For delayed response of the total hemisphere to the changes in the polar region we introduce the 
mean albedo change ∆albedo(t) that is governed by the simple relaxation ansatz of Eq. 1: 
GG= ∆𝑎𝑙𝑏𝑒𝑑𝑜 + ∆O9P8G>Q = RABD(=)Q           (1)                            
Here τ denotes the equilibration time. Eq. 1 is readily solved for ∆albedo(t = 1955) = 0 and 
decreases to -0.00181 in 2015 for τ = 30 yr (-0.00205 for τ = 20 yr). Our theoretical model responds 
quite linearly to small albedo changes with a scaling factor ∆𝑇UV7:/∆𝑎𝑙𝑏𝑒𝑑𝑜 ≈ 247 K. We mention 
that the albedo declines by loss of sea ice discussed here is lacking direct experimental verification. 
Changes of the global albedo of opposite signs (±0.02) were reported in the years 1985 – 1997 and 
1997–2004 [36,37], or that the global albedo remained fairly constant during the past decades [38]. 
We propose that the pronounced rise of the reported surface temperature in Fig. 2 in 1970–2015 
gives some experimental support for our estimate of the albedo decrease for the southern 
hemisphere. 
 
APPENDIX 2: Theoretical model 
In a 1-dimensional approach the change ∆Tsurf of the mean temperature of the SH surface is 
calculated as a function of the concentrations xj of the GHG (j = CO2, CH4 and N2O) including 
water changes in the atmosphere, and the albedo. The model is based on the spectroscopic 
properties of the gases and empirical results, e.g. the albedo factor (albedo = 0.300 in 1880 - 1955) 
and the solar radiation input S = 343.3 W/m2. The atmosphere is represented by four layers with 
mean temperatures Tj (j =1 – 4) that are self-consistently determined from thermal quasi-
equilibrium between the solar input and the thermal emissions of the surface and atmospheric 
layers; i.e. energy conservation per unit time is assumed for input and output radiation into the 
universe. In the following subscript j = 0 refers to the surface.  
The surface is represented by a black radiator with emission intensity 𝜎 ∙ 𝑇4- (Stefan-Boltzmann 
constant σ [39]) while the atmospheric parts are treated as selective thermal emitters (subscript 0 
refers to the surface). The spectral efficiencies 𝜂YZ  (i = 0 - 4, j = 1 - 4) of the atmospheric layers j 
are calculated from the measured absorption properties of the greenhouse gases (including water) 
for the respective concentrations and temperatures Tj without a fitting parameter. The temperature 
Ti of the emitting surface (i = 0 - 4) also comes in, since the spectral intensity distribution of the 
emission of the latter is temperature-dependent (compare Planck's formula) [39]. The net solar 
input to the surface is 𝐴4 = 𝑆 ∙ (1 − 𝑎𝑙𝑏𝑒𝑑𝑜) − 𝐴O=] while Aatm denotes the input loss in the 
atmosphere. Layer j (j = 1 - 4) obtains the fraction 𝐴Z, and ∑ 𝐴Z-Z_' = 𝐴O=]. The heat transport 
between the layers by non-radiative processes is included by parameters Bj but is found to have 
little quantitative effect on the surface warming, since Aatm is adjusted correspondingly to maintain 
Tsurf = 288.0 K for year 1880 [22].  We arrive at five equations for j = 0 - 4: ∑ 𝜂YZ ∙ 𝑇Y--Y_4 = 𝑓Z ∙ 𝜂ZZ ∙ 𝑇Z- − abcdbedbfgh  .                 (2) 
 
For a ready display of equations (2) we introduce formal parameters η00 = 1, f0 = 2, fj = 3 (j > 
0), B0 = 0, and B5 = 0. 
The molecular number densities of the GHG in the layers are calculated from a generalized 
barometric law. The water content in the atmosphere (integrated molecular number density) is 
taken to be 9.2	 × 10(j m-2 (in 1880) for saturated vapor density. The amount of water follows the 
layer temperatures depending on the GHG concentrations of the individual year. An enhancement 
of ∆Tsurf results by a factor of approximately 1.3 compared to constant water densities in the 
atmosphere. This number is somewhat smaller than reported by Wang et al. [40]. 
The GHG concentrations are taken from Refs. [24] and [25]. In 1880 we have xCO2 = 290.4 
ppmv, xCH4 = 1.6 ppmv and xN2O = 0.3 ppmv. Assuming equal absorption of the four atmospheric 
parts for CO2, the thickness of the layers is estimated from a barometric formula to be 1.4, 1.9, and 
2.8 km (layer 1 to 3, respectively), while the top layer (4) extends above 6.1 km into the universe.  
The numerical solution of equations shown above delivers the mean temperatures of respectively 
285.2 K, 278.1 K, 268.3 K and 240.1 K, for layers 1 to 4. We have shown recently that the specific 
parameter values of Aj and Bj vary the layer temperatures of the atmosphere to some extent, but 
have little influence on the concentration dependence of the surface temperature [22].  
Considering an analogous model with only three atmospheric layers we arrive at similar values for 
the surface temperature. We have also treated a 2D-approach by including the variation of the 
surface input with geographical latitude, obtaining similar results with changes of only a few 
percent (data not shown). It is concluded that our 1-dimensional 5-layer-model provides reliable 
data on the warming of the terrestrial surface. 
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